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Abstract 
 
Raman spectroscopy has been used to study a selection of vivianites from different 
origins.  A band is identified at around 3480 cm-1 whose intensity is sample 
dependent.  The band is attributed to the stretching vibration of Fe3+OH units which 
are formed through the autooxidation of the vivianite minerals either by self-oxidation 
or by photocatalytic oxidation according to the reaction: 
(Fe2+)3(PO4)2.8H2O  + 1/2O2  → (Fe2+)3-x(Fe3+)x(PO4)2(OH)x.(8-x)H2O  
in which some of the water of crystallization is converted to hydroxyl anions. 
Complexity of the OH stretching region through the overlap of broad bands is 
reflected in the water HOH deformation modes at 1660 cm-1.  Using the infrared 
bands at 3281, 3105 and 3025 cm-1, hydrogen bond distances of 2.734(5), 2.675(2) 
and 2.655(2) Å are calculated.  Vivianites are characterised by an intense band at 950 
cm-1 assigned to the PO4 symmetric stretching vibration.   Low Raman intensity bands 
are observed at ~1077, ~1050, 1015 and ~985 cm-1 assigned to the phosphate PO4 
antisymmetric stretching vibrations.  Multiple antisymmetric stretching vibrations are 
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due to the reduced tetrahedral symmetry.  This loss of degeneracy is also reflected in 
the bending modes.  Two bands are observed at ~423 and ~456 cm-1 assigned to the 
ν2 bending modes. For the vivianites four bands are observed at ~584, ~571, ~545 and 
~525 cm-1 assigned to the ν4 modes of vivianite.   
 
Key Words- ferric, ferristrunzite, phosphate, vivianite, metavivianite, Raman 
spectroscopy 
 
Introduction 
 
The vivianite group of minerals are of interest for a number of reasons (a) 
because of their widespread occurrence in nature (b) their occurrence in soils and 
sediments (c) their photosensitivity and photo-self oxidation. Other minerals for 
example realgar are photosensitive.  The vivianite minerals are of the general formula 
A32+(XO4)2·8H2O where A2+ may be Co, Fe, Mg, Ni, Zn and X is As or P.  Vivianite 
and baricite are, respectively, the Fe- and Mg-dominant phosphates in the group.  
Extensive solid solution formation occurs between baricite and vivianite.  
Isomorphous substitution in this group occurs readily, and intermediate compositions 
are often observed.  Further, the minerals are susceptible to auto-oxidation and air 
oxidation.  The minerals are also light sensitive. This light sensitivity may assist in the 
self-catalytic oxidation. The minerals occur in the corrosion coatings of water pipes, 
in soils from peat bogs, morasses, and in sediments. These minerals have been found 
in sediments in New Zealand. The vivianite minerals are all monoclinic with point 
group 2/m.  
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Vivianite can oxidise either through self-catalytic oxidation or through air 
oxidation. Such oxidation is apparently photo-catalytically induced. Hence 
(Fe2+)3(PO4)2·8H2O (vivianite) oxidises to (Fe2+)3-x(Fe3+)x(PO4)2(OH)x·(8-x)H2O 
(metavivianite).  It should be noted that the two minerals vivianite and metavivianite 
are not phase related nor is there a compositional relationship.  Metavivianite is 
triclinic iron(II,III) phosphate hydroxide hydrate and was first described by Ritz et al. 
(RITZ et al. 1974).   Apparently the monoclinic symmetry is preserved up to x=1.2. If 
the value of x exceeds 1.4 then metavivianite is formed.  Kerchenite is also an 
oxidised vivianite mineral (CHUKHROV & ERMILOVA 1956; CHUKHROV & 
RUDNITSKAYA 1966; EFREMOV 1953).  It is probable that kerchenite and 
metavivianite are one and the same mineral (RODGERS 1986); however, the original 
description of kerchenite is not sufficiently detailed to be certain.    
 
Some infrared data exist for the vivianite-group phosphate minerals 
(FARMER 1974); however, most infrared data predates the advent of Fourier 
transform infrared spectroscopy (GEVORK'YAN & POVARENNYKH 1973; 
GEVORK'YAN & POVARENNYKH 1980; HUNT 1977; HUNT et al. 1972; 
OMORI & SEKI 1960; SITZIA 1966). Some Raman studies of the vivianite 
phosphate minerals have been undertaken (MELENDRES et al. 1989; PIRIOU & 
POULLEN 1984), and recently Frost et al. reported a Raman spectroscopic 
comparison of the minerals vivianite, bobierite and baricite (FROST et al. 2002; 
JOHNSON et al. 2002).   However, no Raman spectroscopic investigation of the 
vivianite-metavivianite related phosphate minerals has been forthcoming, and 
certainly no detailed comparison of vivianite and metavivianite has been undertaken 
using vibrational spectroscopy.  Possible self-autoxidation of the minerals is a major 
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difficulty in studying these minerals, and this process is probably photocatalytically 
enhanced.  The use of X-ray diffraction may cause changes in the structure during 
measurement, and indeed, even the use of the longer excitation wavelengths in Raman 
spectroscopy may also change the oxidation state of the iron(II) in the vivianite.  
Simple grinding of the mineral in air will change the chemical composition of the 
mineral.  Since there is currently a lack of comprehensive spectral knowledge of the 
vivianite phosphate minerals, particularly of the difficult-to-study vivianite-
metavivianite/kerchenite series, the determination of molecular structure of vivianite-
metavivianite minerals using Raman spectroscopy has been undertaken as part of a 
wider comprehensive study of the vibrational spectroscopy of secondary minerals.  
 
 
2. EXPERIMENTAL  
 
2.1 Analysis of samples 
 
 Vivianite and metavivianite were obtained from the Mineralogical Research 
Company (San Jose, California, USA).   The vivianite originated from Monserrat 
Mine, Poopo, Bolivia. This particular specimen was selected because almost no 
oxidation was observed based on its colour. The colour was a light blue. The 
metavivianite (labelled oxykerchenite) originated near the City of Kerch, Crimean 
Peninsula, Ukraine.  Specimens of strunzite (M36370; Hagendorf, Bavaria, Germany) 
and ferristrunzite (M42815; Blaton, Hainaut Province, Belgium) were obtained from 
the collections of Museum Victoria, Australia and were confirmed using powder X-
ray diffraction methods.  Both were from their respective mineral type localities. The 
sample of ferrostrunzite from Arnsberg, Sauerland, Germany was obtained from 
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Professor R. Vochten.  SEM-EDS analyses indicated no As or transition metals, other 
than Mn and Fe, to be present.  The minerals were checked by X-ray diffraction and 
Mössbauer spectroscopy. 
 
2.2 Raman microprobe spectroscopy 
 
Crystals of the minerals were orientated on a polished metal surface on the 
stage of an Olympus BHSM microscope equipped with 10x and 50x objectives. The 
microscope is part of a Renishaw 1000 Raman microscope system, which also 
includes a monochromator, a filter system and a Charge Coupled Device (CCD). 
Raman spectra were excited by a Spectra-Physics model 127 He-Ne laser (633 nm) at 
a resolution of 2 cm-1 between 100 and 4000 cm-1. Repeated acquisitions using the 
highest magnification were accumulated to improve the signal-to-noise ratio in the 
spectra, which were calibrated using the 520.5 cm-1 line of a silicon wafer. Spectra at 
liquid nitrogen temperature were obtained using a Linkam thermal stage (Scientific 
Instruments Ltd, Waterfield, Surrey, England).   
 
Infrared spectra were collected using a Nicolet infrared microscope using an 
ATR technique with silica plates.  64 scans were collected with a resolution of 4 cm-1. 
Spectroscopic manipulations such as baseline adjustment, smoothing and 
normalization were performed using the software package GRAMS (Galactic 
Industries Corporation, NH, USA). Band component analysis was undertaken using 
the Jandel ‘Peakfit’ software package, which enabled the type of fitting function to be 
selected and specific parameters to be fixed or varied accordingly. Band fitting was 
carried out using a Gauss-Lorentz cross-product function with the minimum number 
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of component bands used for the fitting process. The Gauss-Lorentz ratio was 
maintained at values greater than 0.7 and fitting was undertaken until reproducible 
results were obtained with squared correlations of r2 greater than 0.995. 
 
3. Results and Discussion 
 
3.1 Hydroxyl stretching region 
 
 The Raman spectra of the OH stretching region of vivianites from different 
origins are shown in Figure 1.  The results of the band component analyses are 
reported in Table 1.  The spectra have been arranged in increasing intensity of the OH 
stretching vibration at around 3487 cm-1 (from bottom to top).  The mineral sample 
from Huanuni shows no intensity in a band at this position. The band is observed at 
3493 cm-1 for the vivianite sample (b) from Chernomorskiy with a bandwidth of 42.8 
cm-1. The band is sharp for a hydroxyl stretching vibration.  The band is observed at 
3478 cm-1 with a bandwidth of 51.1 cm-1 for the vivianite from Monserrat, 3480 cm-1 
with bandwidth of 52.7 cm-1 for the sample from Huanuni (sample a), 3486 cm-1 with 
bandwidth of 43.4 cm-1 for the vivianite from Blackbird district, and at 3487 cm-1 with 
bandwidth of 67.3 cm-1 for the sample (a) for the vivianite from Chernomorskiy. The 
question arises as to the origin of this band as its intensity varies with the mineral 
sample.  It is proposed that the band is due to a Fe3+OH stretching vibration. This unit 
results from the oxidation of Fe2+ to Fe3+.   The following chemical reactions are 
suggested as possible mechanisms for the oxidation of vivianite as iron(II) phosphate. 
 
(Fe2+)3(PO4)2.8H2O   → (Fe2+)3-x(Fe3+)x(PO4)2(OH)x.(8-x)H2O + 1/2H2  
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(self oxidation) 
(Fe2+)3(PO4)2.8H2O  + 1/2O2  → (Fe2+)3-x(Fe3+)x(PO4)2(OH)x.(8-x)H2O  
(oxidation by air) 
Further oxidation may result in the formation of the ferro or ferristrunzite minerals. 
(Fe2+)3-x(Fe3+)x(PO4)2(OH)x.(8-x)H2O  → (Fe2+)(Fe3+)2(PO4)2(OH)2.6H2O 
 
The oxidation of the primary iron(II) phosphate, vivianite, Fe3(PO4)2.8H2O 
yields a cascade of products spanning the redox conditions applying to vivianite and 
the redox conditions applying to the fully oxidized state.  Initially, the oxidation of 
vivianite leads to (Fe2+)3-x(Fe3+)x(PO4)2(OH)x.(8-x)H2O, in which the monoclinic 
crystal structure is preserved up to x = 1.2, and overall charge balance is conserved by 
converting some of the water of crystallization to hydroxyl anions.  Oxidation past x = 
1.4 apparently can lead first to a triclinic structure with the same charge-compensated 
formula, (Fe2+)3-x(Fe3+)x(PO4)2(OH)x.(8-x)H2O as vivianite.  At present, only this 
triclinic phase, according to Rodgers 1986, is correctly denoted as metavivianite 
(RODGERS 1986), which is now known to be a misnomer since vivianite and 
metavivianite are not dimorphous, but differ compositionally (i.e., there is no phase 
transition connecting these forms).   
 
 The confirmation of the additional band may be observed in the infrared 
spectra of the hydroxyl stretching region illustrated in Figure 2.  The band component 
analyses of the infrared spectra are reported in Table 2. A band is observed in the 
infrared spectra at around 3466 cm-1 which is also attributed to the Fe3+OH stretching 
vibration.  The band appears to be present in all of the infrared spectra.  In the Raman 
spectra, single crystals of vivianite are analysed, whereas in infrared spectroscopy 
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many crystals are measured simultaneously. It is noted that even in the infrared 
spectra of these vivianites of different origin, the band widths are small varying from 
69.7 to 97.7 cm-1.    
 
 Other bands are observed in the OH stretching region which is assigned to 
HOH stretching vibrations.  In the Raman spectrum of vivianite from Huanuni 
(sample b), four bands are observed at 3391, 3257, 3135 and 3010 cm-1.  Infrared 
bands are observed at 3281, 3105 and 3025 cm-1. Raman bands are observed in 
similar positions for the Chernomorskiy (b) sample with bands at 3351, 3253, 3137 
and 3031 cm-1.  The bands are very broad with bandwidths often >100  
cm-1.  For the vivianite mineral from Monserrat bands are curve resolved at 3262, 
3133 and  2958 cm-1.  Infrared bands are observed for this mineral at 3282, 3100, and 
2998 cm-1. In the infrared spectra the bands are even broader with bandwidths often > 
200 cm-1. Some variation in band position is observed but this is not unexpected since 
band component analyses of broad profiles are being undertaken. Previous studies 
have not reported the Raman spectra of the hydroxyl-stretching region (GRIFFITH 
1970; PIRIOU & POULLEN 1984).  Previous study gave bands at 3475, 3260 and 
3125  
cm-1, which are in reasonable agreement with this work, considering the breadth of 
the bands in the hydroxyl-stretching region (PIRIOU & POULLEN 1987).   
 
3.2 Water HOH bending modes 
 
 The infrared spectra of the water HOH bending mode is shown in Figure 3 and 
the data reported in Table 2.  For vivianite three bands are observed at ~1666, ~1615 
and ~1585 cm-1.  A previous study has suggested a single band at 1620 cm-1(PIRIOU 
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& POULLEN 1987).  Farmer (1974) reported the band at 1635 cm-1.  Importantly the 
observation of the band at 1666 cm-1 suggests that water is strongly hydrogen bonded 
to the phosphate oxygen.  The band at 1615 cm-1 is assigned to the bending mode of 
less strongly hydrogen bonded water, whilst the band at around 1586 cm-1 may be 
attributed to weakly or non-hydrogen bonded water, equivalent to that found for water 
as water vapour.   
 
The strength of the hydrogen bonds can be determined by the hydrogen bond 
distances. Such distances can be estimated using an empirical Libowitsky type 
function. Studies have shown a strong correlation between OH stretching frequencies 
and both O…O bond distances and H…O hydrogen bond distances (EMSLEY 1980; 
LUTZ 1995; MIKENDA 1986; NOVAK 1974).  Libowitzky (1999) based upon the 
hydroxyl stretching frequencies as determined by infrared spectroscopy, showed that 
a regression function can be employed relating the above correlations with regression 
coefficients better than 0.96 (LIBOWITSKY 1999).  The function is ν1 = 3592-
304x109exp(-d(O-O)/0.1321) cm-1. By using the infrared bands of the hydroxyl 
stretching vibrations as delineated in Table 2, estimates of hydrogen bond distances 
can be made. Using the infrared bands for Huanuni(b) at 3281, 3105 and 3025 cm-1, 
hydrogen bond distances of 2.734(5), 2.675(2) and 2.655(2) Å are determined. These 
distances represent the distance between the hydrogen of water and the oxygen of the 
PO4 units.   
 
3.3 Phosphate stretching vibrations 
 
 The Raman and infrared spectra of the phosphate stretching region of 
vivianites of different origins are shown in Figures 4 and 5.  The analysis of the 
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spectral data is reported in Tables 1 and 2.  In the Raman spectrum of vivianite a 
single intense band is observed at 950 cm-1. The band is very sharp with bandwidths 
of between 10.9 and 12.6 cm-1.  The 950 cm-1 band is assigned to the Raman active 
PO4 symmetric stretching vibration. The position of this band is in excellent 
agreement with the previously published result (PIRIOU & POULLEN 1987) . Low 
Raman intensity bands are observed at ~1077, ~1050, 1015 and ~985 cm-1.  The 
bands at 1081, 1050 and 1015 cm-1 are assigned to the phosphate PO4 antisymmetric 
stretching vibrations.  The 1081 cm-1 band is very low in intensity.  Pirou and Poullen 
found bands at 1053 and 1018 cm-1 which are in agreement with these results. We 
also observed the band at ~990 cm-1.  The phosphate anion in an aqueous solution 
shows a single antisymmetric band at 1017 cm-1.  In this work four bands are 
observed, consistent with the reduction of the phosphate ion symmetry from Td to C3v 
or less to C2v in accord with the crystal structure determination.  This symmetry 
reduction is borne out in the infrared spectra.  Infrared bands are observed at ~1076, 
1024, 950 and 923 cm-1.   
 
 
3.4 PO4 bending vibrations 
 
 The Raman spectra of the 250 to 700 cm-1 region are shown in Figure 6.  The 
spectra are consistent except for the vivianites from Big Fish River and Morococala 
Mine.  The use of the diamond ATR cell has a lower wavenumber limit of around 550 
cm-1, and as a consequence no infrared data for this region were obtained.  One of the 
strong advantages of Raman spectroscopy is the ability to obtain spectral data below 
400 cm-1.  The difficulty in the study of this spectral region is a combination of the 
complexity of the overlap and the number of bands.  The difficulty rests with the 
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attribution of the multiple bands found in this region.  In aqueous solutions of the 
phosphate ion, the band observed at 420 cm-1 is assigned to the ν2 bending mode.  For 
vivianite two bands are observed at ~423 and ~456 cm-1, with the latter being the 
most intense.  Some variation in band position is observed but this may simply be 
experimental error. The observation of two bands for the OPO bending region 
confirms the loss of degeneracy of the bending mode.  For aqueous systems the ν4 
mode of phosphate is observed at 567 cm-1.  For vivianite four bands are observed at 
~584, ~571, ~545 and ~525 cm-1.  The 569 cm-1 band is intense and sharp. These 
bands are assigned to the ν4 modes of vivianite.  The spectral data reported by Griffith 
is at variance with these results (GRIFFITH 1970).  Farmer reported infrared bands at 
590, 560 and 475 cm-1. 
 
 
In the spectra in Figure 5 quite intense infrared bands are observed at ~813 
and 795 cm-1.  Some low intensity bands are observed in the Raman spectra at around 
750 and 835 cm-1.  The bands are due to water librational modes.  Such bands would 
be intense in the infrared spectra but weak or of zero intensity in the Raman spectrum.  
The position of these bands is very sensitive to hydrogen bonding. The observation of 
more than one type of water molecule in the structure from the water bending modes 
implies that there should be more than one water librational mode.  An alternative 
explanation is that the band at ~835 cm-1 may be attributed to a Fe3+OH deformation 
mode.   
 
Conclusions 
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Raman spectroscopy has been used to determine the variability in the 
oxidation of vivianites of different origin.  Oxidation of the vivianite is characterized 
by the appearance of a band at 3480 cm-1 in the Raman spectrum.  Variation in 
intensity of this band is associated with an increase in the Fe3+ content.   Raman 
spectroscopy was also most useful in distinguishing between minerals labeled as 
vivianites but which did not show the characteristic vivianite Raman spectrum. These 
minerals were not used any further in this study. These minerals have probably been 
oxidized past the point where a crystal structural change has occurred.  Initially, the 
oxidation of vivianite leads to (Fe2+)3-x(Fe3+)x(PO4)2(OH)x.(8-x)H2O, in which the 
monoclinic crystal structure is preserved up to x = 1.2, and overall charge balance is 
conserved by converting some of the water of crystallization to hydroxyl anions.  
Oxidation past x = 1.4 apparently can lead first to a triclinic structure with the same 
charge-compensated formula, (Fe2+)3-x(Fe3+)x(PO4)2(OH)x.(8-x)H2O as vivianite.  This 
mineral is denoted as metavivianite.  The name is a misnomer as vivianite and 
metavivianite are not dimorphous, but differ compositionally (i.e., there is no phase 
transition connecting these forms).  This mineral is also known as kerchenite. 
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 Chernomorskiy(a)  Blackbird Dist  Huanuni(a)  Monserrat  Chernomorskiy(b)   Huanuni(b)  
Centre Relative Intensity FWHM Centre 
Relative 
Intensity FWHM Centre 
Relative 
Intensity FWHM Centre 
Relative 
Intensity FWHM Centre Relative Intensity FWHM Centre 
Relative 
Intensity FWHM 
3487 0.0016             67.3 3486 0.0010 43.4 3480 0.0010 52.7 3478 0.0003 51.1 3493 0.0002 42.8   
               3473 0.0008 148.0         
                      3391 0.0008 195.6
                     3351 0.0011 255.6   
                 3272 0.0001 42.9       
3268 0.0018             336.2   3270 0.0010 249.8       
              3247 0.0020 325.8 3242 0.0014 420.7 3262 0.0023 289.3 3253 0.0010 174.3 3257 0.0022 196.4
3137 0.0004            104.5 3131 0.0004 61.7   3133 0.0015 91.7 3137 0.0015 120.8 3135 0.0017 118.5
                 3131 0.0009 71.5       
                    3031 0.0003 258.6 3010 0.0005 277.3
                   2958 0.0003 239.4     
2341 0.0002             53.6       2313 0.0002 467.8   
2155 0.0003             164.6 2139 0.0002 215.9   2179 0.0001 171.7     
2085 0.0009             57.0 2083 0.0007 82.8     2084 0.0003 104.7   
2030 0.0011             44.0 2029 0.0007 32.8     2028 0.0003 29.7   
                   1658 0.0001 45.8     
             1612 0.0001 31.2 1608 0.0001 28.8      1607 0.0001 181.3
1601 0.0004             95.5   1596 0.0002 140.4   1599 0.0003 113.8   
               1567 0.0003 154.9   1551 0.0001 209.4     
1538 0.0002             42.6           
1485 0.0003             58.1 1481 0.0001 33.3 1481 0.0001 36.5   1495 0.0002 75.5   
1354 0.0002             49.7 1358 0.0002 39.7 1364 0.0001 32.3       
1308 0.0002             46.9 1311 0.0002 47.5 1313 0.0001 55.3   1319 0.0002 66.9   
1189 0.0001             85.3 1188 0.0001 74.6 1173 0.0002 142.9       
             1094 0.0004 14.4        1097 0.0001 19.1
1076 0.0014             22.0 1075 0.0015 22.1 1076 0.0006 19.3   1077 0.0009 22.3   
                         
1048 0.0015            37.6 1050 0.0012 24.0 1053 0.0028 13.3 1053 0.0041 12.3 1051 0.0020 25.0 1053 0.0078 13.8
 14
               1035 0.0004 13.6 1043 0.0003 21.6       
1016 0.0054            19.3 1016 0.0055 18.1 1017 0.0033 16.8   1016 0.0041 21.2 1012 0.0008 51.6
990 0.0007            31.7 989 0.0003 19.3   990 0.0002 9.9 985 0.0004 26.4 992 0.0003 12.0
                 971 0.0004 53.0       
                   953 0.0012 5.7     
                  953 0.0006 110.8 954 0.0014 11.4 953 0.0021 11.9
950 0.0023            12.6 950 0.0037 12.5 950 0.0138 11.3 950 0.0245 10.9 950 0.0105 12.8 950 0.0189 11.6
                 931 0.0007 36.2 935 0.0010 27.9     
                   857 0.0002 250.0     
834 0.0002             77.1   836 0.0002 33.4 837 0.0006 41.8 838 0.0004 85.4   
               829 0.0003 61.2 830 0.0004 164.8       
                   761 0.0002 46.0     
                     753 0.0002 67.2   
744 0.0002             62.8 744 0.0001 67.1         
                  619 0.0002 24.5   620 0.0001 14.7
                         
583 0.0019            47.6 589 0.0014 40.0 586 0.0010 47.4   588 0.0012 43.1 581 0.0002 12.6
              573 0.0005 19.1 571 0.0010 12.7 571 0.0015 12.4 572 0.0006 13.2 571 0.0024 10.7
                544 0.0005 21.3 547 0.0010 21.6   542 0.0024 40.8
539 0.0012             29.9 538 0.0021 45.6 536 0.0012 52.2 531 0.0020 37.5 536 0.0006 30.8   
                    527 0.0011 103.2 525 0.0010 33.9
517 0.0012             64.2           
               494 0.0010 37.1         
463 0.0034            31.3 462 0.0031 30.6 459 0.0023 25.1 456 0.0029 16.3 460 0.0033 27.4 457 0.0015 17.3
                 455 0.0002 8.1       
422 0.0007            24.0 423 0.0008 25.9 426 0.0012 15.6 426 0.0003 24.1 422 0.0006 23.6 424 0.0004 18.0
                 417 0.0004 26.8       
346 0.0013            20.7 347 0.0011 16.9 347 0.0008 15.6 345 0.0007 12.9 346 0.0009 18.7 346 0.0001 12.7
                 330 0.0002 26.4       
                306 0.0007 24.9 308 0.0005 11.2   307 0.0009 14.2
293 0.0021             57.7 294 0.0017 70.4 291 0.0003 11.0   297 0.0009 50.9   
289 0.0007             14.4 290 0.0009 19.8     288 0.0008 16.7   
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                277 0.0010 33.4 275 0.0007 16.1   276 0.0014 16.2
                      259 0.0005 21.8
240 0.0004            18.4   240 0.0009 14.6 240 0.0038 12.3 239 0.0004 6.1 240 0.0023 11.9
225 0.0016            14.9 227 0.0027 15.2 228 0.0030 13.2 229 0.0030 11.0   229 0.0023 11.6
      198 0.0012        8.1 201 0.0015 12.1 200 0.0052 10.4       199 0.0021 13.1
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Chernomorskiy(a) Blackbird Dist Huanuni(a)  Monserrat  Chernomorskiy(b)  Huanuni(b)  Big Fish River  
Center Amp              FWHM Center Amp FWHM Center Amp FWHM Center Amp FWHM Center Amp FWHM Center Amp FWHM Center Amp FWHM
3472 0.0006              69.7 3466 0.0008 74.3 3467 0.0004 82.7 3470 0.0005 97.7 3467 0.0006 87.9 3460 0.0006 95.9 3471 0.0003 83.9
                 3271 0.0006 290.5 3292 0.0007 352.0 3282 0.0008 242.2 3288 0.0006 267.8 3281 0.0007 236.1   
3160 0.0012              446.1           3163 0.0008 469.5
3101 0.0003              96.6 3090 0.0005 145.5 3097 0.0003 132.4 3100 0.0007 159.2 3099 0.0007 152.4 3105 0.0009 124.8 3089 0.0002 159.6
                         3025 0.0009 390.9   
                       3010 0.0007 419.0     
                 2997 0.0009 403.4   2998 0.0009 323.1       
                   2973 0.0005 385.5         
                   2967 0.0001 60.5         
                   2930 0.0002 50.2         
2802 0.0002               516.7             
                    2780 0.0003 320.5     2754 0.0001 215.8
                          2362 0.0009 13.5
                          2333 0.0006 24.4
                     2197 0.0001 136.4   2197 0.0000 178.3   
2178 0.0001               137.1 2181 0.0001 160.3     2179 0.0000 206.0     
                             
1995 0.0001               130.9             
                 1745 0.0000 89.2 1730 0.0020 30.9   1720 0.0000 112.5     
                   1698 0.0002 31.8         
1669 0.0001               26.9 1666 0.0001 40.2   1667 0.0001 33.2 1666 0.0001 38.7 1666 0.0001 34.9   
                   1644 0.0002 152.3         
                 1625 0.0001 55.1           
1614 0.0002               87.6     1612 0.0003 65.1 1619 0.0001 55.3 1616 0.0001 50.1   
                        1576 0.0001 240.3 1584 0.0002 166.4
                 1572 0.0002 140.5     1563 0.0002 95.0 1575 0.0001 94.1   
1546 0.0002               156.5     1554 0.0002 141.9 1554 0.0002 236.2     
                   1432 0.0003 32.8         
                   1369 0.0008 24.5         
                   1231 0.0016 54.0         
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                   1112 0.0003 51.8         
                             
                 1074 0.0000 17.2   1070 0.0001 20.2   1076 0.0000 15.3   
                             
1043 0.0009              44.4     1041 0.0003 31.1 1044 0.0005 40.9   1048 0.0015 67.4
                   1037 0.0007 71.5         
                 1021 0.0006 60.8   1021 0.0006 56.7   1024 0.0004 56.2   
                   1017 0.0006 25.9   1012 0.0002 37.0     
                          998 0.0008 44.1
969 0.0009             26.7 57.4 970 0.0005 28.9 972 0.0002 30.1       973 0.0008
                     961 0.0002 20.0 960 0.0003 17.3     
                      951 0.0002 9.6 946 0.0007 42.1 952 0.0003 8.4
937 0.0003              16.1   939 0.0006 49.9 940 0.0006 72.3     939 0.0010 30.3
                     939 0.0002 15.0 934 0.0005 127.2     
                 928 0.0003 21.0     931 0.0001 16.9     
918 0.0002              38.3       912 0.0001 51.9   917 0.0003 33.1
                907 0.0004 53.8       902 0.0002 50.7 894 0.0002 49.4
                             
816 0.0004              45.3       817 0.0001 38.8 811 0.0001 32.5 819 0.0005 87.1
                 800 0.0005 73.0 800 0.0002 58.0 806 0.0003 48.3 803 0.0004 130.2 795 0.0004 120.0   
780 0.0002               55.0             
                     767 0.0004 74.9       
                 747 0.0002 106.5           
                             
                 661 0.0001 59.1     657 0.0000 76.3     
                 624 0.0001 30.0 639 0.0000 31.7     632 0.0000 43.4   
                   605 0.0002 8.8         
                     569 0.0003 24.8 564 0.0001 17.7     
569 0.0003              21.1     559 0.0003 2.8     556 0.0009 39.1
            525 0.0001        112.3 530 0.0005 2.9 531 0.0002 10.4 531 0.0001 11.0       
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Figure 1 Raman spectra of the hydroxyl stretching region of a suite of vivianites of 
different origin 
 
Figure 2  Infrared spectra of the hydroxyl stretching region of a suite of vivianites of 
different origin 
 
Figure 3  Infrared spectra of the water bending region of a suite of vivianites of 
different origin 
 
Figure 4 Raman spectra of the 800 to 1100 cm-1 region of a suite of vivianites 
 
Figure 5 Infrared spectra of the 500 to 1200 cm-1 region of a suite of vivianites 
 
Figure 6 Raman spectra of the 250 to 700 cm-1 region of a suite of vivianites 
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